I. Introduction
The electronic structure of metallic lead has been the subject of numerous experimental studies, mostly concerned with the elucidation of the Fermi surface. Naturally, the ultimate aim of these experim~nts is to provide the i~formation necess~ry to construct a band structure which will explain the Fermi surface, optical spectra, photoemission spectra, and other electronic properties. Unfortunately, the difficulties involved in the calculation of a full relativistic band structure have apparently served to deter extensive first-principles calculations of the lead b~d structure and density of states. In an earlier paper, Ley et a1. 1 reported a high-resolution x-ray photoemission (XPS) spectrum of the lead valence bands, and tentatively interpreted the two-peak structure at the top of the valence band as the result of spin-orbit splitting of the p bands. Recently, however, Breeze 2 has asserted, on the basis of a nonrelativistic LCAO calculation, that the XPS splitting is instead simply the result of a crystal-field interaction. In this paper we shall reexamine the origins of this feature of the XPS spectrum by means of "- parametrized LCAO calculations systematically including and excluding spinorbit coupling. We shall show that the inclusion of spin-orbit effects is essential to a consistent understanding of the XPS, optical, and Fermi surface measurements.
I I. The XPS Spectrum Figure 1 shows the XPS spectrum obtained by Ley et al ~ using a Hewlett-Packard 5950A electron spectrometer which employed monochromatized AlKa radiation (1486.6 eV). The high excitation energy and its concomitant featureless density of final-states insures that the -2-photoemission spectrum reflects the density of occupied valence bandstates, modulated by cross-section and final-state relaxation effects. 3
The photoemission cross-sections of the 6s and 6p atomic states of which the valence bands are composed should be essentially equal at this energy, and outer-shell relaxation effects are small. 4 Thus the features in the valence-band spectrum should be directly proportional to the density of states N(E).
We note again the important features in the spectrum; s-like and p-like bands split by-2.5 eV, a ~plitting of 1.8 eV in the p-like bands, and a total occupied p-bandwidth of -3.5 eV.
III. The Tight-Binding Calculations
The theory of tight-binding calculations, both as first-principles calculations 5 and as the basis of interpolation schemes, 6 has been discussed extensively. Basically it consists of using tight-binding Bloch functions of the form:
where uncr-~) is an atomic function centered at site ~. There is, however, a problem connected with this approach. The ~~(r) are not orthogonal, because the atomic functions uP(r-~) centered on different sites are nonorthogonal. This entails mathematical difficulties which can be avoided by orthogonalizing the un(r-~) using a procedure due to Lawdin 7 which . preserves the syrronetry of the atomic function. Since we do not allow for non-orthogonality of basis functions in our Hamiltonian matrix, we tacitly assume that this has been done. As In these calculations a basis of one s-and three p-functions (P ,p ,P ) for each spin were used. All nearest-neighbor interactions bandwidth. This is somewhat in excess of the experimental value of -3.5 eV.
Since both tight-binding calculations indicate that N(E) drops sharply to zero at the bottom of the p-bands, this experimental value should be quite 0 0 u 0 4 2 0 6 2 6
-5-reliable. The OPW calculation has the further problem of giving almost no gap between the s-and p -bands while the experimental value is 2. 5 eV.
This splitting is, however, well matched by the RAPW calculation. Little more can be said about these band structures without actual N(E) calculations. The major conclusions are that they are somewhat too wide, and -that the OPW calculation yields an anomalously small s-p band gap.
As can be seen from Figs ) has important consequences. As can be seen in comparing the N(E) curves with and without spin-orbit splitting, N(E) has a much lower minimum at -1.5 eV with spin-orbit splitting than without. The ''missing" state density shifts to lower energy, raising the -3 eV peak in N(E) and giving it a square top.
The effects of these changes on the photoemission spectra were examined by truncating the N(E) curves at EF and broadening them with a 0.6 eV FWHM Gaussian function in order to account for instnnnental resolution. The results are seen in Fig. 6 . It is evident that when instrumental resolution is considered the zero-spin-orbit N(E) gives only a peak and a shoulder, while the spin-orbit split N(E) yields two peaks.
In order to test our assignment of the p-band splitting in the photoemission spectrum, we systematically varied the parameters responsible for the p-band shape. This involved bascially 3 parameters, a p-p diagonal matrix element (e.g. (Py I HI Px) ) a p-p off-diagonal matrix element; (e.g. (px I HI Pz) ) , and a matrix element mixing s-and P-functions, all between nearest neighbors. There was also a second nearest neighbor p-p diagonal matrix element in the calculations; however, it was a factor of seven smaller than the smallest of the above and had a negligible affect on N(E). 1he observed spectrum allowed for surprisingly little variation in these parameters. The off-diagonal term determines the position of the lowest L-point and thus the total .. observed. This serves as a bound on the P""P diagonal matrix element, as it largely determines the position of this X point; The s-p mixing parameter is no:t 'essentially fixed by bandwidth considerations, and thus may be varied within reasonable limits without producing glaring inconsistencies.
The most important effect of the variation of this parameter is that it alters the intensity of the two peaks in the spin-orbit split simulated spectnun. It had relatively little effect on the zero-spin-orbit spectnnn, never producing anything more than. a peak and shoulder structure. Our final choice for. the value of this parameter represented a compromise between agreement with the photoemission spectnun and with the Fermi surface1 data discussed below.
Anderson and Gold 9 have given a very complete discussion of their de rlaas-van Alphen effect measurements for lead. The band structure they calculate matches the extremal areas of the Fermi surface very well. It ' .
is therefore likely that this band structure is reasonably accurate in predicting the va1ues taken by the wavevector ' K of.thebands as they cross EF. We have calculated some of these dimensions from our spinorbit split band strUcture. These are shown in Table I compared with the analogous dimensions calculated by Anderson and Gold, 9 Loucks , 10 and 2 .
Breeze; As can be seen, our calculations are quite comparable to the RAPW results. The one dimension, 3-11, where the discrepancy is serious -8-·is a region in which the band is nearly flat in crossing EF, so that any slight adjustment of EF could improve this value greatly without significantly affecting the other dimensions.
The optical properties of Pb have ,also been measured by Liljem·a11 et a1. 11 by an ellipsometric technique. Table II • . ..
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